It was recently observed that Leuconostoc oenos GM, a wine lactic acid bacterium, produced erythritol anaerobically from glucose but not from fructose or ribose and that this production was almost absent in the presence of O2. In this study, the pathway of formation of erythritol from glucose in L. oenos was shown to involve the isomerization of glucose 6-phosphate to fructose 6-phosphate by a phosphoglucose isomerase, the cleavage of fructose 6-phosphate by a phosphoketolase, the reduction of erythrose 4-phosphate by an erythritol 4-phosphate dehydrogenase and, finally, the hydrolysis of erythritol 4-phosphate to erythritol by a phosphatase. Fructose 6-phosphate phosphoketolase was copurified with xylulose 5-phosphate phosphoketolase, and the activity of the latter was competitively inhibited by fructose 6-phosphate, with a Ki of 26 mM, corresponding to the Km of fructose 6-phosphate phosphoketolase (22 mM). These results suggest that the two phosphoketolase activities are borne by ... 
production. The increase in the hexose 6-phosphate concentration is presumably the result of a functional inhibition of glucose 6-phosphate dehydrogenase because of a reduction in the availability of NADP.
The metabolism of glucose in heterolactic acid bacteria is described as fermentation initiated by the oxidation of glucose 6-phosphate to gluconate 6-phosphate (13, 31) . Following oxidative decarboxylation of the latter, ribulose 5-phosphate is converted to xylulose 5-phosphate, which is then split into acetyl phosphate and glyceraldehyde 3-phosphate by a pentose-phosphate phosphoketolase present in all heterolactic acid bacteria (7) . Subsequently, acetyl phosphate is converted to ethanol and/or acetate, whereas glyceraldehyde 3-phosphate is metabolized to lactate via pyruvate.
There are, however, considerable variations in the end products obtained from the metabolism of glucose in the presence of 02 (3, 20, 23, 32) or other external electron acceptors (16, 19) , indicating differences in the pathways and/or control of sugar metabolism among the heterolactic acid bacteria themselves. As confirmation of the extent of this diversity, it was observed that Leuconostoc oenos GM, a wine lactic acid bacterium described as metabolizing glucose heterofermentatively (7, 17) , produced erythritol and glycerol in addition to the end products mentioned above (25, 28, 33) . Moreover, it was found that the production of erythritol occurred anaerobically from glucose but not from fructose or ribose and that it was almost absent under aerobic conditions. '3C nuclear magnetic resonance (NMR) experiments showed, as expected, that L. oenos formed ethanol and acetate from C-2 and C-3 of glucose when this sugar was metabolized in the presence of oxygen but that substantial proportions of these glycolytic products came from C-1 or C-2 under anaerobic conditions. In addi-tion, erythritol was found to be derived from C-3 to C-6 of glucose. These results therefore indicated that, in the absence of oxygen, the C6 molecule was cleaved between carbons C-2 and C-3 as well as between carbons C-3 and C-4. For explanation of the former type of cleavage, the existence of a fructose 6-phosphate phosphoketolase in L. oenos was suggested (33) .
The purposes of the present study were to establish the enzymatic pathway involved in the formation of erythritol in L. oenos and to explain the effect of oxygen on the regulation of the production of this polyol from glucose. All strains were grown at 30'C in static 2-liter glass bottles. L. oenos strains were grown in modified (33) FT 80 medium (2), (pH 5.0). L. lactis NCW1 was grown under the same conditions but without malic acid. L. brevis B22 and L. buchneri B190 were grown in a similar way with a complex medium containing yeast extract (15.0 g* liter-1), triammonium citrate (4.8 g liter-1), and MgSO4. 7H20 (0.1 g liter-') in 0.1 M potassium phosphate buffer (pH 6.5).
MATERIALS AND METHODS

Materials. 3-(N-morpholino)propanesulfonic acid (MOPS), N-(2-hydroxyethyl ) piperazine -N' -2-ethanesulfonic acid (HEPES)
Glucose (10 g liter-) was autoclaved separately and added to the above-mentioned medium before inoculation. MnSO4-4H20 was added to the growth medium for the cultures grown for the 13C NMR experiments and for the enzyme assays at concentrations of 1.0 and 3.0 mg. liter-', respectively. The cells used for 31P NMR analysis were grown without added manganese.
Preparation of culture supernatants for the quantification of erythritol, glycerol, and ethanol by 13C NMR analysis. Fresh cell suspensions were prepared for each experiment. Cultures in the mid-logarithmic phase (three 2-liter cultures) were harvested by centrifugation (20 min at 3,000 x g) at 4°C, and the pellet was washed twice with 0.2 M potassium phosphate (pH 5.0) and suspended in the same buffer to a final volume of approximately 8 ml. This cell suspension (two 4-ml aliquots, each corresponding to 0.4 to 0.5 g [dry weight]) was incubated at 30°C in the presence of 100 ,imol of glucose under 02 or N2 flushing. After approximately 2.5 to 3 h, once the substrate was exhausted, the cells were removed by centrifugation at 18,000 x g for 20 min and the liquid supernatant was transferred to a 10-mm NMR tube.
2H20 was added to a final concentration of approximately 5% (vol/vol) to provide a lock signal. The end products formed were quantified by 1H NMR and 13C NMR as previously described (33) . Preparation of perchloric acid extracts. The bacterial strains were grown as described above (6 to 8 liters of culture per extract) and harvested as for the`3C NMR experiments by use of 50 mM potassium phthalate buffer at pH 5.0. After being washed, the cells were resuspended in a final volume of 6 to 7 ml of buffer, and the suspension was transferred to a test tube placed in a water bath at 30°C. After the addition of an adequate amount of fermentation substrate (300 ,umol), the cell suspension was flushed with 02 or N2 for approximately 45 min to allow only part of the sugar to be metabolized. For minimization of the changes in intracellular metabolites, the cells were frozen immediately by dispersal of the suspension in liquid N2 with a syringe. These aggregates of frozen cells were collected and used for HCl04 extraction as described previously (14) . The extract (approximately 100 ml) was lyophilized, resuspended in 3.0 ml of H20 contain- xylulose 5-phosphate, 50 mM for P1, and 1 mM for thiamine PPi. Glyceraldehyde 3-phosphate production was measured spectrophotometrically by isomerization to dihydroxyacetone phosphate; this step was followed by the NADHcoupled reduction of the latter to glycerol 3-phosphate. The reaction mixture was as described for method B in reference 5 and also contained 0.17 mM NADH, 2 U of triose phosphate isomerase, and 10 U of glycerol 3-phosphate dehydrogenase, both from rabbit muscle. The reaction was started by the addition of the extract. The acetyl phosphate formed was assayed by the ferric acetyl hydroxamate method (8) with exactly the same reaction mixture as that used above but without NADH and auxiliary enzymes. The production of acetyl phosphate was stopped after 15 min by the addition of hydroxylamine. This second method was always used to determine the activity of fructose 6-phosphate phosphoketolase, while the first one was preferentially used to measure the reaction with xylulose 5-phosphate. The concentration of fructose 6-phosphate in the assay mixture was 10 mM. NAD(P)H oxidase activity was determined by measuring the change in the A340 with a conventional spectrophotometer or by measuring the consumption of 02 with an oxygen electrode. The assay conditions chosen were the same those described previously (15) .
Except for NAD(P)H oxidase, which had to be measured in freshly prepared extracts, all enzyme activities mentioned above withstood storage at -20'C. One unit of enzyme activity was defined as the amount catalyzing the formation of 1 imol of product. minm under the assay conditions stated. For comparison of rates measured in vivo and in vitro, the following correlations were used: 1 g of cells (wet weight) corresponds to 100 mg of soluble protein and 0.39 g (dry weight).
Measurement of intermediary metabolites. The following intermediary metabolites were quantified by enzymatic methods: glucose 6-phosphate and fructose 6-phosphate (21), xylulose 5-phosphate (27) , dihydroxyacetone phosphate (22), L-(-)-glycerol 3-phosphate (18) , and erythrose 4-phosphate (24) .
Other assays. Protein was determined as described previously (1) with bovine gamma globulin as a standard.
Purification of pentose 5-phosphate phosphoketolase. A cell extract (from 2.5 g [wet weight] of cells) was prepared in 100 mM MOPS as described above. Following the addition of KCI (150 mM final) and adjustment of the pH to 6.0, the extract (8.5 ml; 236 mg of protein) was gently mixed with 10% (wt/vol) polyethylene glycol 6000 for 20 min at 40C. The resulting preparation was centrifuged for 15 min at 10,000 x g. The pellet was discarded, and polyethylene glycol was added to the supernatant to a final concentration of 20% (wt/vol). After mixing and centrifugation were done as described above, the final pellet was dissolved in 4.3 ml of 25 mM Tris-HCl buffer (pH 7.5) and applied to a DEAESepharose Fast Flow column (1.6 by 14 cm) equilibrated with the same buffer. The column was washed with 20 ml of buffer, and the retained protein was eluted with a KCl gradient (50 to 500 mM in two 50-ml portions of the equilibration buffer).
RESULTS
Phosphoketolase activities in L. oenos. Extracts of L. oenos were found to catalyze the formation of acetyl phosphate from 10 mM fructose 6-phosphate and 10 mM xylulose 5-phosphate at rates of 0.03 and 0.5 Rmol. minx mg of protein-', respectively; both activities were dependent on the presence of Pi and thiamine PPj. Furthermore, they were copurified upon polyethylene glycol fractionation and chromatography on DEAE-Sepharose, their ratio remaining constant (Table 1) . Pooled fractions from the DEAE-Sepharose step (10 ml with 2.6 mg of protein ml-1) contained pentose phosphoketolase purified approximately fivefold. This preparation was free of glucose 6-phosphate dehydrogenase and phosphoglucose isomerase.
The activity of purified xylulose 5-phosphate phosphoketolase could be determined by measurement of the formation of acetyl phosphate or glyceraldehyde 3-phosphate, with identical results. The Km values of the partially purified preparation were 22 mM for fructose 6-phosphate and 1.6 mM for xylulose 5-phosphate, and the respective Vma. values were 0.48 and 2.33 U -mg of protein-.
No acetyl phosphate was formed when the purified enzyme was incubated with 10 mM glucose 6-phosphate or 6-phosphogluconate, and neither of these sugar phosphates inhibited the activity measured with xylulose 5-phosphate as the substrate. However, fructose 6-phosphate was found to be a competitive inhibitor for xylulose 5-phosphate phosphoketolase activity, with a K1 of 26 mM.
Characterization of other enzymes of glucose catabolism. (Table 3) . During glucose metabolism, the concentrations of glucose 6-phosphate and fructose 6-phosphate were approximately 10-fold higher anaerobically than in the presence of 02. In contrast, the concentration of xylulose 5-phosphate was about threefold higher aerobically than anaerobically.
The replacement of glucose by fructose or ribose in the anaerobic cell suspensions resulted in a decrease in the intracellular levels of hexose 6-phosphates and in the disappearance of glycerol 3-phosphate. The concentration of xylulose 5-phosphate was higher in the presence of ribose than in the presence of fructose or glucose, at least during 02 deprivation. Dihydroxyacetone phosphate and erythrose 4-phosphate were not detected in these extracts, possibly because of their lability. 31P NMR analysis of the same extracts confirmed the effect of 02 deprivation on the concentrations of glucose 6-phosphate and fructose 6-phosphate and, in addition, revealed a clear accumulation of 6-phosphogluconate during the anaerobic (but not during the aerobic) metabolism of glucose (Fig. 1A) . In the absence Of 02, 6-phosphogluconate was not detected during the metabolism of fructose or ribose (results not shown).
Ability of various heterolactic acid bacteria to produce erythritol and their intracellular levels of glucose 6-phosphate and fructose 6-phosphate. Natural-abundance 13C NMR was used to investigate the influence of aeration on the production of erythritol and/or glycerol from glucose by three other strains of L. oenos (L. oenos ATCC 23277, L. oenos CTQB M3, and L. oenos 8A), one strain of L. lactis (NCW1), and two Lactobacillus strains (L. brevis B22 and L. buchneri B190). The spectra of the end products formed anaerobically from glucose (100 ,umol) by these organisms showed that L. oenos was the only one that produced erythritol (Table 4) . In all cases, erythritol production from glucose was stimulated by the absence of oxygen, whereas the production of glycerol was reduced. It is also apparent that the strains that did not produce erythritol formed up to eightfold more ethanol than the erythritol-producing strains under anaerobic conditions.
Perchloric acid extracts of the same bacteria, obtained during the metabolism of glucose in the presence or in the absence of oxygen, were analyzed by P NMR (Fig. 1) . Inspection of the spectra corresponding to L. oenos ATCC 23277 (Fig. 1A) , GM, 8A, or CTQB M3 indicated that the concentrations of glucose 6-phosphate, fructose 6-phosphate, and 6-phosphogluconate were severalfold higher in the absence of 02 than in its presence. In contrast, the resonances corresponding to the above-listed metabolites were very small, if at all detectable, in other species, such as L. buchneri B190 (Fig. 1B) and L. lactis NCW1 (Fig. 1C) , which did not form erythritol.
DISCUSSION
Pathway of erythritol formation. Our results show that L. oenos is able to cleave fructose 6-phosphate via phosphoketolase, resulting in the production of acetyl phosphate and erythrose 4-phosphate. Fructose 6-phosphate phosphoketolase was copurified with xylulose 5-phosphate phosphoketolase. Furthermore, the activity of the latter was competi- (4) , and Bifidobacterium globosum (30) , whereas separate xylulose 5-phosphate and fructose 6-phosphate phosphoketolases have been described for L. mesenteroides (12) , Bifidobacterium dentium (30) , L. plantarum (10), Thiobacillus novellus (9) , and various yeast species (5, 34) .
If we assume that the fructose 6-phosphate phosphoketolase activity measured with 10 mM substrate is 0.032 pmol. min-mg of protein-' in cell extracts, we can calculate that the Vma. is close to 0.1 pmol. min-' mg of protein-', which corresponds to 10 Amol. min-' g (wet weight)-'. For L. oenos GM, in the absence of oxygen, the rate of erythritol production represents 37% of the rate of glucose consumption (1.4 ptmol min1-l g [wet weight]-') (33) , i.e., 0.51 pmol. min-g (wet weight)-'. Therefore, the rate of erythritol production measured in whole cells can account for erythritol biosynthesis in vivo.
On the basis of these results, we propose the pathway shown in Fig. 2 for the formation of erythritol from glucose 6-phosphate by L. oenos. It involves the isomerization of glucose 6-phosphate to fructose 6-phosphate by a phosphoglucose isomerase, the cleavage of fructose 6-phosphate by a phosphoketolase, the reduction of erythrose 4-phosphate by an erythritol 4-phosphate dehydrogenase and, finally, the hydrolysis of erythritol 4-phosphate to erythritol by a phosphatase. Although we cannot exclude the possibility that some erythrose 4-phosphate is dephosphorylated before it is reduced, the results obtained indicate that the sequence of reactions proposed in Fig. 2 is the main one. In fact, (i) the rate of erythritol 4-phosphate hydrolysis in extracts was more than twice as high as the rate of erythrose 4-phosphate hydrolysis, and (ii) the dehydrogenase acting on erythrose 4-phosphate was much more active than the enzyme acting on erythrose. If we assume that the acetyl phosphate formed during fructose 6-phosphate phosphoketolase cleavage is converted to ethanol and Pi, this pathway allows for the disposal of 3 mol of NADPH per mol of glucose consumed, at the expense of one high-energy bond used for the phosphorylation of glucose. If instead acetate is produced, only 1 mol of NADPH is consumed, and the ATP used for the phosphorylation of glucose is regenerated by acetate kinase.
Mechanism of electron disposal. On the basis of the specificity of dehydrogenases, it appears that 1 mol of NADH and 2 mol of NADPH are produced when 1 mol of glucose is converted to CO2, acetyl phosphate, and pyruvate. In theory, the NADPH formed during the initial steps of glucose J. BACTERIOL. I oxidation could be recycled via the reduction of acetyl coenzyme A to ethanol, while the NADH formed by glyceraldehyde 3-phosphate dehydrogenase could be reoxidized by lactate dehydrogenase. In both cases, a perfect balance between the production and the consumption of reducing equivalents would be expected. However, the activity of acetaldehyde dehydrogenase (acylating) is more than 20 times lower than those of the NADPH-producing enzymes, and it is likely that this low activity prevents NADPH from being readily recycled by this pathway.
Other enzymes involved in the recycling of NADPH are (i) NAD(P)H oxidase; (ii) mannitol dehydrogenase, which converts fructose (if added to the medium) to mannitol; (iii) glycerol 3-phosphate dehydrogenase; and (iv) erythrose 4-phosphate dehydrogenase. In the presence of oxygen, the oxidation of NADPH by molecular oxygen is an important route for the disposal of NADPH, as indicated by the imbalance between the reduced and the oxidized products of glucose metabolism. Thus, Veiga-da-Cunha et al. (33) showed that in the presence of oxygen, only 0.37 mol of glycerol and 0.01 mol of ethanol were formed per mol of glucose, accounting for the recycling of only about 20% of the NADPH formed during glucose dissimilation. The remaining NADPH was presumably reoxidized by NAD(P)H oxidase. The activity of the latter (13 nmol. min-mg of protein-') entirely accounted for the rate of NADH oxidation (10.3 nmol. min-' mg of protein-1) required to explain the consumption of glucose by the aerated cell suspensions (6.3 nmol min-' mg of protein-1).
In the presence of fructose, reducing equivalents can be transferred to a large extent to this substrate, as indicated by the fact that mannitol is the major end product of fructose metabolism in L. oenos (33) .
Control of erythritol production. The effect of anaerobiosis on the production of erythritol can be explained as follows. When L. oenos metabolizes glucose in the absence of 02, the oxidation of NADPH is difficult because of the low activity of acetaldehyde dehydrogenase (acylating). As a result, the NADPH/NADP ratio is high, leading to the inhibition of glucose 6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase. This inhibition in turn results in the intracellular accumulation of glucose 6-phosphate and fructose 6-phosphate and in a decrease in the concentrations of later intermediates, such as xylulose 5-phosphate. The increase in the concentration of fructose 6-phosphate and the decrease in that of xylulose 5-phosphate allow phosphoketolase to cleave the former, leading to the formation of erythrose 4-phosphate and ultimately to erythritol biosynthesis. This explanation is consistent with the observation that the erythritol-producing bacteria were the only ones in which the concentration of hexose 6-phosphate increased in the absence of 02-In this respect, it is interesting to note that the non-erythritol-and non-glycerol-producing lactic acid strains formed more ethanol under anaerobic conditions than the erythritol-producing strains, possibly because the former have a more active acetaldehyde dehydrogenase (acylating).
This interpretation of the results also accounts for the fact that erythritol is not formed when fructose is the fermentation substrate, even under anaerobic conditions, because fructose can serve as an effective electron acceptor for NADPH, hence preventing an increase in the hexose 6-phosphate concentration. The lack of erythritol production from ribose is explained by the fact that this sugar is a pentose and therefore does not have to go through the oxidation-decarboxylation steps to become a suitable substrate for xylulose 5-phosphate phosphoketolase.
